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ABSTRACT
The variable flood regime of a natural floodplain supports a variety of vegetation and habi-
tat niches and regenerates the landscape through erosion and deposition. However, flooding
of human-dominated landscapes are termed “natural disasters” due to potential devastating
impacts such as the loss of lives and property, agricultural damage, or undesirable erosion and
deposition. Natural hazards and climate change fields employ the vulnerability concept to
assess various aspects of human susceptibility to disturbances or altered conditions. Vulner-
ability is generally defined as the likelihood of harm. It is a function of exposure, sensitivity,
and adaptive capacity of a system. This study implements a mathematical framework, 2D
flow modeling, and spatial mapping to present an analysis of vulnerability to erosion and
deposition due to the activation of Bird’s Point-New Madrid Floodway in May 2011. The
historic pre-conceived levee breach and subsequent inundation of the agricultural floodplain
represents a large-scale experiment to assess vulnerability of intensively managed landscapes
to extreme events. Pre-flood and post-flood high-resolution Lidar topography datasets are
analyzed and compared to vegetated land cover, soil properties, topographical legacies, and
measured and modeled flow characteristics to quantify their potential contributions to vul-
nerability in the Floodway. It was found that the most significant erosional feature occurred
at O’Bryan Ridge, an agricultural region at a low ridge formed by a historic meander of the
Mississippi River. Areas of significant erosion corresponded to highly erodible soils, high sim-
ulated flows, and an absence of woody vegetation. Deposition throughout the Floodway was
generally mitigated due to low river-to-floodplain connectivity and moderate sediment input
from the river. Other relict meanders within the Floodway were found to be less vulnerable
than O’Bryan Ridge due to lower flood exposure caused by gradients, vegetation, floodplain
width, and backwater flooding. This analysis demonstrates the importance of vegetation
for the protection of otherwise vulnerable regions. The methodology of this analysis can
be used to locate regions of high vulnerability in future floodplain management to mitigate
potentially catastrophic landscape change.
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CHAPTER 1
INTRODUCTION
Extreme floods on human-dominated landscapes are known as “natural disasters” due to
property damage and loss of livelihood [1]. In contrast, the variable flood regime of a natural
floodplain system is necessary to regenerate and replenish dynamic vegetation and topogra-
phy [2]. Since the 17th century, Spanish, French, British, and American settlers have built
levees and embankments to claim an increasing percentage of the Mississippi River floodplain
for agricultural use [3]. Levees e↵ectively disconnect the river from its floodplain, resulting in
the loss of groundwater recharge and water retention functionalities. Levees and agricultural
practices also alter landscape resistance thresholds to erosion and deposition. On a decadal
timescale, increased erosion rates have been observed in agricultural landscapes compared to
native prairie in the Upper Mississippi River floodplain [4]. On a flood event timescale, ob-
served levee breach impacts range from moderate deposition near breach sites [5, 6] to severe
erosion and deposition [7]. Since the devastating 1927 Mississippi River Flood, flood control
policy in the U.S. has changed from a levees-only approach to a system in which alternate
flood protection methods such as reservoirs and floodways supplement existing structures [8].
Intentional levee breaches and spillway activations can protect highly valued regions in ex-
treme flood events [9, 10]. Levee breaches also occur in natural floodplain systems and result
in depositional crevasse splay features that create a varied topography over the landscape
[11]. Restoration studies note that intentional levee breaches or levee abandonments [12] can
restore seasonal flooding to degraded floodplains, thus reintroducing an integral component
of natural ecosystem function. Depending on the context, levee breaches can be considered
as restorative measures, flood stage reduction techniques, or extremely damaging disasters.
While both natural and human-dominated systems are subject to flood impacts such as
erosion and deposition, it is the human component of the coupled system which necessitates
a concept of “vulnerability” or “risk of damage”. Vulnerability analyses are intuitively useful
tools for predicting and mitigating potentially harmful responses to disturbances. In climate
change research, vulnerability is considered a function of exposure, sensitivity, and adaptive
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capacity of a system [13]. It can be conceptually linked to resilience, which describes the
recovery of systems from perturbations [14], and landscape sensitivity, a concept based on
system characteristics that describe the likelihood of change and the ability of landscapes to
absorb disturbing forces [15]. Although all centered on the concept of sustainable systems,
the various interpretations and conceptual definitions of vulnerability can be di cult to ap-
ply in specific situations.
This study seeks to use an intentional levee breach event to retrospectively analyze drivers
of vulnerability to damaging erosion and deposition events in human-dominated floodplains.
In May 2011, the U.S. Army Corps of Engineers activated the Birds Point-New Madrid
(BPNM) Floodway as a Mississippi River flood control measure for the first time since 1937.
Three crevasses inundated a 540 km2 agricultural floodplain in southeastern Missouri dur-
ing May and June of 2011 [16, 17]. Erosion and deposition patterns were observed near
the crevasse sites, and gulley scours over one kilometer in length and 3.7 meters deep were
observed at the location of a low ridge formed by a relict meander of the Mississippi River.
Although suggestions for future use of this region include a wetland reserve or wildlife habi-
tat [18], farmers were observed regrading the land for agriculture as of Summer 2012. A goal
of this study is to infer drivers of vulnerability in this area relative to regions not impacted
by the inundation. Data sets obtained include pre-flood and post-flood high-resolution Li-
dar topography, soils data, remote sensing-derived vegetation cover, and flow measurements
taken during the inundation. HydroSed2D [19], a two dimensional flow model, is used to
simulate flow characteristics over the floodplain and derive a shear stress that is compared
to a threshold value for sediment transport. Potential drivers of vulnerability such as soil
erodibility, lack of vegetation, and shear stress are compared to observed changes in the sys-
tem variable of interest, the landscape elevation. Breach characteristics are also compared
with other breaches and spillway activations to gain a perspective on contributing factors to
vulnerability. This study represents an improvement over more subjective analyses of vulner-
ability which develop indices to represent the factors of sensitivity, exposure, and adaptive
capacity. Our results demonstrate how vegetated land cover on the floodplain along with
geologic legacies impact vulnerability in cases of hydrologic extremes. Our findings suggest
that vegetation establishment in optimal locations may be an e↵ective measure for main-
taining an intensively managed floodplain in a desirable state.
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The chapters of this thesis are arranged as follows:
• Chapter 2 begins with a review of the existing literature on the concepts of vulnerabil-
ity, landscape sensitivity, and resilience. A mathematical framework of vulnerability is
outlined which is later enhanced and applied to a floodplain landscape-specific context.
Flood regimes, floodplain landscape features, and levee breach impacts are discussed
in terms of natural and human-dominated systems. Additionally, a brief history of the
Bird’s Point New Madrid Floodway and a timeline for the May 2011 activation are
given.
• Chapter 3 describes the observed impacts of the 2011 Floodway activation. The Lidar
datasets are discussed, and methods for channel extraction, filtering of flight line errors,
and elevation bias correction are detailed. Observed erosion and deposition features
are quantified and described.
• Chapter 4 describes methods and results of a vulnerability analysis of the BPNM
Floodway. It details a framework for vulnerability and feedbacks in human-natural
floodplains. Available datasets are used to develop hypothesized indicators of spatially
heterogeneous vulnerability throughout the Floodway. A 2D modeling study is pre-
sented which quantifies floodplain exposure and incorporates several potential drivers
of vulnerability.
• Chapter 5 compares the observed floodplain impacts due to the 2011 activation to the
vulnerability analysis. Vulnerability maps are presented, and two meander scar ridges
are compared in terms of vulnerability and observed localized impacts. Vulnerability
throughout the entire Floodway is discussed through a comparison of the 2011 Flood-
way activation, the 2011 Bonne Carre Spillway activation, and the 1993 Miller City
levee breach complex.
• Chapter 6 discusses conclusions of this study and potential for future applications.
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CHAPTER 2
LITERATURE REVIEW
In this study, vulnerability is considered from a floodplain landscape-specific perspective.
The framework for the vulnerability analysis is based on ideas gained from previous con-
ceptual and quantitative studies on vulnerability, landscape sensitivity, and resilience. This
literature review begins with a discussion of floodplain landscapes. Processes, feedbacks, and
characteristics of natural and human-dominated floodplains are outlined. Next, vulnerability
is discussed in a general context, and previous studies are reviewed. Advantages and disad-
vantages of these previous works are identified, and a conceptual vulnerability framework is
outlined. Finally, a history of the Bird’s Point-New Madrid (BPNM) Floodway is detailed
to provide context for the vulnerability experiment discussed in later chapters.
2.1 Floodplains and Levee Breaches
A variable flood regime replenishes vegetation, replenishes groundwater, disperses nutrients
and seeds, and maintains the dynamic equilibrium of natural landscapes. Positive and neg-
ative feedbacks between landscape characteristics and input drivers determine floodplain
organization and structure [2]. For example, vegetated surfaces increase hydraulic rough-
ness and facilitate sedimentation during floods, raising land elevation. Small di↵erences in
floodplain elevation have been shown to support characteristic vegetation communities due
to widely varying hydro-periods [20]. In this way, vegetation encourages more vegetation
by enabling less flood-tolerant species to colonize. Floodplains with varying disturbance
regimes have di↵erent turnover times, or ecosystem and landform regeneration periods [2].
Extreme floods tend to determine large-scale geomorphic features through landscape-scale
processes. Medium and low power floods tend to determine ecosystem and habitat prop-
erties. However, this natural disturbance regime becomes altered or diminished in many
human-dominated floodplains. Levees and embankments line many of the world’s rivers,
disconnecting the river from its floodplain in order to develop agricultural or urban spaces
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protected from flooding. When an extreme flood interacts with a vulnerable human system
in the form of a levee breach or overtopping, the event becomes a “natural disaster” [21, 1].
Figure 2.1 illustrates the di↵erences in potential flood impacts and feedbacks between nat-
ural and human-dominated floodplains. As previously discussed, flood variability creates
dynamic topography and allows di↵erent species to colonize. Vegetation establishment en-
courages deposition, which raises the elevation and encourages less flood tolerant species
to colonize. Large floods wipe out vegetation, creating new surfaces upon which emergent
vegetation can establish [20]. For a leveed agricultural floodplain, the landscape is only
inundated during extreme floods which cause levee breaches, overtopping, or high overland
flow rates. Regardless of whether the flood event causes erosion or deposition at a given
location, the impact on agriculture is likely to be harmful. Not pictured in Figure 2.1b are
additional feedbacks between the agricultural system and erosion and deposition processes
in the floodplain.
Figure 2.1: (a) In a natural floodplain, seasonal and extreme flood events maintain a
dynamic equilibrium between landscape change and vegetation. (b) In a leveed
agricultural floodplain, a levee breach event results in erosion and deposition that a↵ects
“harm” on the agricultural system.
Levee breaches throughout history have resulted in millions of dollars in damages [7],
but have also been found to enhance floodplain restoration e↵orts through reintroduction of
natural variability. Sand splays, depositional features, form near the breach sites and create
a range of elevations upon which various plant species can establish over several flooding
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seasons. A study on the Consumnes River in California [11] was motivated by an “accidental
forest” of cottonwood trees which formed as a result of an accidental levee breach. The study
found that sites which had lost topsoil due to agricultural practices exhibited increased
inundation frequencies, thus enhanced deposition. Important links were observed between
hydraulic connectivity, topography, and ecology in the floodplain environment. One longer
term study in Scotland [12] assessed landscape change on an agricultural floodplain that had
been permanently abandoned in 1903 due to flood damage after a levee breach. It was found
that it took less than 50 years after levee abandonment for natural habitat and land cover
diversity to reestablish. These studies indicate that active restoration e↵orts may not always
be necessary if a natural flood regime is allowed to establish. In the human-natural system,
floodplains can provide valuable ecosystem services such as agriculture, fisheries, recreation,
and natural flood control, in addition to providing habitat for diverse species [22]. The Yolo
Bypass in California exemplifies this, as it is used for habitat restoration, agriculture, and
flood control. The Bypass conveys water past Sacramento during flood events. While two-
thirds of the region is maintained as privately owned agriculture, enabling it to flood increases
the resilience of the water management system in addition to replenishing groundwater and
sediment and providing habitat. Floodways such as this are ideally suited to flood-tolerant
crops such as biomass fuel sources. Similar to the Yolo Bypass, the Birds Point-New Madrid
Floodway in southeast Missouri is heavily utilized for agriculture. However, the Floodway
has been historically activated much less frequently, and remains surrounded by controversy
concerning its existence and use.
The next section delves into literature on vulnerability, landscape sensitivity, and re-
silience. This will lead to a vocabulary and framework within which to consider vulnerability
to landscape changes in a human-dominated floodplain.
2.2 Conceptual and Quantitative Studies
According to the International Panel of Climate Change (IPCC) [13], vulnerability is defined
as follows:
the degree to which a system is susceptible to, or unable to cope with, adverse e↵ects of
climate change, including climate variability and extremes. It is a function of the character,
magnitude, and rate of climate change and variation to which a system is exposed, its sen-
sitivity, and its adaptive capacity.
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Hazard is the nature of the stress, while exposure is the contact between the system and
the stress. Sensitivity is the extent to which the system is a↵ected by the stress, and is
based on inherent characteristics of the system. The adaptive capacity is the ability of the
system to accommodate or adapt to the hazard. In Adger’s more general terminology [23],
vulnerability can be defined as the extent to which a system is likely to experience harm due
to a stress or perturbation.
Hufschmidt [21] describes the two research areas that shaped the development of vul-
nerability research. The human ecologist school is based on human adjustments to natural
hazards. This concept of vulnerability involves the notion that “natural” disasters are caused
not only by natural phenomena, but by human failure to adapt or adjust to conditions. In
contrast, the structural view focuses on social, political, and cultural conditions. The Pres-
sure & Release Model depicts vulnerability as arising from root causes to dynamic pressures
to “unsafe conditions”. A “natural disaster” only occurs when a hazard impacts a popula-
tion that exhibits these unsafe conditions. Although both paradigms promote adaptation
as the method to reduce risk, the human ecologist school cites a failure of humans to adapt,
while the structural view stresses barriers that restrict the ability to adapt. Manyena [14]
cites a multitude of vulnerability definitions. He distinguishes between human vulnerabil-
ity, social vulnerability, and physical vulnerability. Vulnerability can also be linked to the
resilience concept from ecology. In general, resilience studies consider vulnerability to be
the opposite of resilience, while vulnerability studies consider resilience as a contributing
component of vulnerability. However, both resilience and vulnerability concepts are linked
to the foundational idea of sustainable human-natural systems [24].
Tables 2.1 and 2.2 summarize several quantitative studies based on vulnerability in re-
gards to climate change and natural hazards. Some choose indicators to quantify vulner-
ability, while others use mapping techniques, principal component analysis, or qualitative
descriptions.
7
S
tu
d
y
V
u
ln
er
a
b
il
it
y
o
f:
T
o
:
V
u
ln
er
a
b
il
it
y
D
efi
n
it
io
n
M
et
h
o
d
s
R
es
u
lt
s
M
cN
ee
le
y
et
al
.
[2
5]
m
oo
se
hu
nt
in
g
d
ep
en
d
en
t
tr
ib
es
in
A
la
sk
a
la
ck
of
hu
nt
in
g
su
cc
es
s
d
u
e
to
w
ar
m
in
g
tr
en
d
s
an
d
ch
an
gi
n
g
se
as
on
al
it
y
su
sc
ep
ti
b
il
it
y
to
h
ar
m
:
fu
n
ct
io
n
of
ex
p
os
u
re
an
d
se
n
si
ti
vi
ty
,
in
cl
u
d
es
ad
ap
ti
ve
ca
p
ac
it
y
et
h
n
og
ra
p
h
ic
ap
p
ro
ac
h
to
ga
th
er
lo
ca
l
in
si
gh
ts
,
co
m
p
ar
e
w
it
h
cl
im
at
e
d
at
a
sm
al
l
cl
im
at
e
sh
if
ts
A
la
sk
a
in
cr
ea
se
vu
ln
er
ab
il
it
y
to
su
cc
es
sf
u
l
m
oo
se
hu
nt
in
g:
“c
lo
si
n
g
w
in
d
ow
”
of
hu
nt
in
g
se
as
on
T
or
o
et
al
.
[2
6]
va
ri
ou
s
en
vi
ro
n
m
en
ta
l
fa
ct
or
s
in
C
ol
om
b
ia
ch
an
ge
s
d
u
e
to
p
ol
ic
y,
ac
ti
on
s,
or
cl
im
at
e
ch
an
ge
p
re
d
is
p
os
it
io
n
of
fa
ct
or
to
su
↵
er
im
p
ac
t
of
hu
m
an
ac
ti
vi
ty
or
d
is
tu
rb
an
ce
p
ro
p
os
es
in
cl
u
si
on
of
V
u
ln
er
ab
il
it
y
Im
p
or
ta
n
ce
fa
ct
or
in
Im
p
ac
t
A
ss
es
sm
en
ts
b
as
ed
on
in
d
ic
at
or
s
V
u
ln
er
ab
il
it
y
Im
p
or
ta
n
ce
b
as
ed
on
10
fa
ct
or
s:
ob
je
ct
iv
e
m
et
h
od
fo
r
re
d
u
ci
n
g
u
n
ce
rt
ai
nt
y
in
E
nv
ir
on
m
en
ta
l
Im
p
ac
t
A
ss
es
sm
en
ts
S
im
el
to
n
et
al
.
[2
7]
cr
op
yi
el
d
s
in
C
h
in
a
d
ro
u
gh
t
ex
te
nt
to
w
h
ic
h
d
ro
u
gh
t
of
gi
ve
n
si
ze
im
p
ac
ts
ag
ri
cu
lt
u
ra
l
p
ro
d
u
ct
io
n
:
b
as
ed
on
se
n
si
ti
vi
ty
,
ad
ap
ti
ve
ca
p
ac
it
y,
an
d
ex
p
os
u
re
h
ar
ve
st
an
d
ra
in
fa
ll
d
at
a
u
se
d
to
d
is
ti
n
gu
is
h
“r
es
il
ie
nt
”
ca
se
s
of
h
ig
h
d
ro
u
gh
t
an
d
sm
al
l
lo
ss
es
an
d
“s
en
si
ti
ve
”
ca
se
s
O
ve
ra
ll
cr
op
vu
ln
er
ab
il
it
y
in
d
ex
d
ec
re
as
ed
si
n
ce
19
60
.
F
ac
to
rs
of
la
n
d
,
p
op
u
la
ti
on
,
ec
on
om
y,
te
ch
n
ic
al
in
p
u
t,
in
fr
as
tr
u
ct
u
re
co
rr
el
at
e
w
it
h
vu
ln
er
ab
il
it
y
in
d
ex
.
M
et
zg
er
et
al
.
[2
8]
E
u
ro
p
ea
n
p
eo
p
le
or
se
ct
or
s
lo
ss
of
ec
os
ys
te
m
se
rv
ic
es
d
u
e
to
gl
ob
al
cl
im
at
e
ch
an
ge
IP
C
C
d
efi
n
it
io
n
,
fu
n
ct
io
n
of
p
ot
en
ti
al
im
p
ac
t
(P
I:
ex
p
os
u
re
an
d
se
n
si
ti
vi
ty
)
an
d
ad
ap
ti
ve
ca
p
ac
it
y
(A
C
)
E
nv
ir
on
m
en
ta
l
st
ra
ti
fi
ca
ti
on
of
E
u
ro
p
e
of
P
I
d
u
e
to
cl
im
at
e
ch
an
ge
.
A
C
b
as
ed
on
so
ci
o-
ec
on
om
ic
in
d
ic
at
or
s
A
b
il
it
y
to
co
m
p
ar
e
ac
ro
ss
sc
al
es
an
d
as
se
ss
p
ol
ic
y
qu
es
ti
on
s,
b
u
t
n
ee
d
fu
rt
h
er
u
n
d
er
st
an
d
in
g
of
h
ow
P
I
an
d
A
C
in
te
ra
ct
L
u
er
s
[2
9]
va
ri
ou
s
fa
ct
or
s,
fo
r
ex
am
p
le
:
w
h
ea
t
yi
el
d
s
in
M
ex
ic
o
al
te
ra
ti
on
d
u
e
to
cl
im
at
e
ch
an
ge
su
sc
ep
ti
b
li
ty
to
d
am
ag
e:
fu
n
ct
io
n
of
ex
p
os
u
re
,
se
n
si
ti
vi
ty
,
st
at
e/
th
re
sh
ol
d
p
ro
p
os
es
an
al
yt
ic
al
fr
am
ew
or
k
of
vu
ln
er
ab
li
li
ty
su
rf
ac
e
F
or
w
h
ea
t
ex
am
p
le
,
yi
el
d
s
co
m
p
ar
ed
to
cl
im
at
e
d
at
a
S
u
rf
ac
e
ca
n
b
e
to
ol
fo
r
vu
ln
er
ab
il
it
y
an
al
ys
is
:
vu
ln
er
ab
le
fa
rm
u
n
it
s
to
cl
im
at
e
va
ri
ab
il
it
y
an
d
m
ar
ke
t
fl
u
ct
u
at
io
n
s
id
en
ti
fi
ed
.
T
ab
le
2.
1:
V
u
ln
er
ab
il
it
y
st
u
d
ie
s
b
as
ed
on
cl
im
at
e
ch
an
ge
im
p
ac
ts
to
cr
op
yi
el
d
s
an
d
/o
r
ot
h
er
ec
os
ys
te
m
se
rv
ic
es
.
8
S
tu
d
y
V
u
ln
er
a
b
il
it
y
o
f:
T
o
:
V
u
ln
er
a
b
il
it
y
D
efi
n
it
io
n
M
et
h
o
d
s
R
es
u
lt
s
B
ee
so
n
et
al
.
[3
0]
la
n
d
sc
ap
es
in
cr
ea
se
d
ru
n
o↵
d
u
e
to
d
is
tu
rb
an
ce
s
(fi
re
s)
ex
p
os
u
re
an
d
p
re
d
ic
te
d
im
p
ac
t
(b
as
ed
on
m
od
el
p
re
d
ic
ti
on
s)
S
P
L
A
S
H
m
od
el
si
m
u
la
te
s
ov
er
la
n
d
fl
ow
ra
te
s
in
p
re
-
an
d
p
os
t-
fi
re
sc
en
ar
io
s
sp
at
ia
l
vu
ln
er
ab
il
it
y
m
ap
s
of
p
os
t-
fi
re
ru
n
o↵
fo
r
d
es
ig
n
st
or
m
s:
gr
ea
te
st
fl
ow
in
cr
ea
se
s
in
se
ve
re
ly
b
u
rn
ed
,
h
ig
h
sl
op
e
re
gi
on
s
C
am
ar
as
a
et
al
.
[3
1]
ci
ti
ze
n
s
n
ea
r
M
ed
it
er
ra
n
ea
n
ep
h
em
er
al
st
re
am
s
ex
p
os
u
re
to
fl
oo
d
ri
sk
ex
te
rn
al
vu
ln
er
ab
il
it
y
(e
xp
os
u
re
)
as
a
fa
ct
or
of
ex
p
os
u
re
to
fl
oo
d
in
g
an
d
ec
on
om
ic
va
lu
e
in
d
ic
at
or
s
b
as
ed
on
la
n
d
u
se
,
va
lu
e
an
d
hu
m
an
ti
m
e
fa
ct
or
u
se
d
fo
r
sp
at
ia
l
ex
p
os
u
re
m
ap
p
in
g
ex
p
os
u
re
m
ap
s
fo
r
ti
m
es
of
d
ay
ca
n
b
e
ap
p
li
ed
to
an
y
ar
ea
w
h
er
e
ri
sk
m
os
t
d
ep
en
d
s
on
ex
p
os
u
re
,
ca
n
b
e
co
m
b
in
ed
w
it
h
fl
oo
d
h
az
ar
d
m
ap
A
nt
w
i
et
al
.
[3
2]
cr
op
p
ro
d
u
ct
io
n
in
G
h
an
a
h
ar
m
d
u
e
to
d
ro
u
gh
t
IP
C
C
d
efi
n
it
io
n
,
an
d
fu
n
ct
io
n
of
ex
p
os
u
re
+
se
n
si
vi
ty
-
ad
ap
ti
ve
ca
p
ac
it
y
In
d
ic
es
of
cr
op
yi
el
d
se
n
si
ti
vi
ty
,r
ai
n
fa
ll
,
li
te
ra
cy
an
d
p
ov
er
ty
u
se
d
to
ca
lc
u
la
te
vu
ln
er
ab
il
it
y
va
lu
es
.
K
-c
lu
st
er
an
al
ys
is
u
se
d
fo
r
gr
ou
p
in
g
M
ap
p
ro
d
u
ce
d
of
re
la
ti
ve
vu
ln
er
ab
il
it
ie
s
sh
ow
s
st
ro
n
g
sp
at
ia
l
an
d
so
ci
oe
co
n
om
ic
p
at
te
rn
s,
su
gg
es
ts
n
ee
d
fo
r
re
gi
on
-s
p
ec
ifi
c
ad
ap
ta
ti
on
p
ol
ic
ie
s
W
an
g
et
al
.
[3
3]
ec
o-
en
vi
ro
n
m
en
ta
l
fa
ct
or
s
of
Y
el
lo
w
R
iv
er
,
C
h
in
a
en
vi
ro
n
m
en
ta
l
d
eg
ra
d
at
io
n
IP
C
C
d
efi
n
it
io
n
,
te
rm
ed
as
“e
co
-e
nv
ir
on
m
en
ta
l
vu
ln
er
ab
il
it
y”
sp
at
ia
l
p
ri
n
ci
p
al
co
m
p
on
en
t
an
al
ys
is
(S
P
C
A
)
m
od
el
of
12
en
vi
ro
n
m
en
ta
l
fa
ct
or
s
to
d
et
er
m
in
e
ec
o-
en
vi
ro
n
m
en
ta
l
vu
ln
er
ab
il
it
y
vu
ln
er
ab
il
it
y
co
m
p
ar
ed
b
et
w
ee
n
19
90
an
d
20
00
:
d
ec
re
as
es
d
u
e
to
n
ew
p
ra
ct
ic
es
,
in
cr
ea
se
s
d
u
e
to
p
op
u
la
ti
on
gr
ow
th
.
S
P
C
A
is
ob
je
ct
iv
e
m
et
h
od
op
p
os
ed
to
w
ei
gh
te
d
in
d
ic
es
V
ez
in
a
et
al
.
[3
4]
ag
ri
cu
lt
u
ra
l
so
il
s
in
V
ie
tn
am
er
os
io
n
p
re
d
ic
te
d
so
il
lo
ss
ap
p
li
ed
U
n
iv
er
sa
l
S
oi
l
L
os
s
E
qu
at
io
n
b
as
ed
on
fi
el
d
ob
se
rv
at
io
n
,
m
od
el
in
g,
an
d
G
IS
ra
in
fe
d
cr
op
p
in
g
sy
st
em
s
on
sl
op
ed
la
n
d
m
os
t
p
ro
n
e
to
so
il
lo
ss
in
tr
op
ic
al
sy
st
em
s
T
ab
le
2.
2:
V
u
ln
er
ab
il
it
y
st
u
d
ie
s
as
se
ss
in
g
im
p
ac
ts
of
n
at
u
ra
l
h
az
ar
d
s
su
ch
as
fl
oo
d
s,
d
ro
u
gh
t,
an
d
fi
re
s
to
la
n
d
sc
ap
es
an
d
li
ve
li
h
oo
d
s.
9
In geomorphology, the landscape sensitivity concept is used to convey the notion of land-
scape stability and change over time [15]. Landscape sensitivity is defined as the likelihood
that a given change in controls or forces applied to a system will produce a response. It
is a function of resisting and disturbing forces. Resisting forces are based on system spec-
ifications, and include the following components: strength resistance (material properties),
morphological resistance (elevation, gradient), structural resistance (design of system, links,
thresholds), filter resistance (how system removes energy from landscape), and system state
resistance (ability to resist change or recover due to history). Disturbing forces are the
applications of energy from specific controls. The ratio of resisting to disturbing forces is
known as a geomorphic factor of safety. As an example of a landscape sensitivity study,
Knox [4] analyzed the impact of agricultural land use on the sensitivity of the Mississippi
River basin in terms of sediment process rates. Both vulnerability and sensitivity concepts
incorporate main components of stress, sensitivity, and resilience or adaptive capacity, and
can be spatially and temporally dynamic. However, the notion of vulnerability implies a
judgement or threshold of “harm” that can be done to a system, while sensitivity studies
focus on “change” in landscapes. Although our study is focused on flood landscape impacts
of erosion and deposition, it is the human land use component that motivates many relevant
questions.
These definitions and concepts can be di cult to apply in specific situations. Luers [35, 29]
suggests the use of a “surface of vulnerability”, which portrays relative vulnerability of
a variable of concern to a set of disturbing forces by a position on a three-dimensional
surface. Vulnerability is defined as a function of sensitivity, exposure, and a state relative to
a threshold state of damage. Adaptive capacity is represented as the potential to decrease
vulnerability by decreasing sensitivity, decreasing exposure, or increasing the state relative
to the threshold for damage.
Vulnerability = f

Sensitivity,Exposure
State/Threshold
 
. (2.1)
In this framework, sensitivity and exposure are inextricably linked in regards to vulnerability;
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the relative exposure depends on sensitivity and vice versa.
Ionescu introduces a mathematical formal framework to initiate consistency in vulnerabil-
ity research. If X is the set of system states, E is the set of inputs to the system, and U is
the set of adaptive capacity measures, a mathematical notation is given as follows [36]:
f : X ⇥ E ⇥ U ! X. (2.2)
The transition function f gives the next system state X. As shown, the inputs and adaptive
capacity measures influence the next set of system states. A partial strict order notation  ,
indicating “is worse than” can be used to establish a preference criteria. A function g(x) is
defined as a cost function. If a higher cost implies a worse state, we can compare two states
as follows:
x   x0 ⌘ g(x) > g(x0). (2.3)
In words, state x is worse than state x0 if and only if its cost is higher. To make a statement
regarding vulnerability, a reference input e⇤ is introduced. A system in state x, described
by Equation 2.2, is vulnerable to an input e with respect to reference input e⇤ if:
f(x, e)   f(x, e⇤). (2.4)
When control measures are considered, statements can be made about unavoidable and
potential hazards. When u⇤ is a reference control, a hazard has a potential impact if there
exists some u for which f(x, e, u)   f(x, e⇤, u⇤). A hazard has an unavoidable impact if for
all u, f(x, e, u)   f(x, e⇤, u⇤). Finally, the long-term interaction between the state variable
and the environment can be considered with a dynamical system defined as h:
h : X ⇥ E ⇥ U ! E (2.5)
in which the subsequent input depends on the system state x and control u. This mathe-
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matical framework will be further discussed in the vulnerability analysis of Chapter 4. Now
that a broad context for vulnerability has been developed, let us return to the floodplain
and consider a specific case study.
2.3 Birds Point-New Madrid Floodway
The Mississippi River Commission was created by Congress in 1879 to provide reliable flood
control throughout the river basin. Although the Commission spent nearly $229 million
using a levees-only approach to flood management, eight floods inundated parts of the val-
ley between 1882 and 1922. In the spring of 1927, disastrous flooding occurred along the
river due to widespread heavy rainfall. The 1927 Flood resulted in several hundred deaths,
162,000 flooded buildings, and 3 million flooded acres of farmland by April [8]. After this
disastrous event, the levees-only approach to flood control was reevaluated and overthrown
with the 1928 Flood Control Act. As part of the new law, the Birds Point-New Madrid
(BPNM) Floodway was designated to protect the city of Cairo, Illinois from inundation dur-
ing extreme flooding. The Floodway is located at the confluence of the Ohio and Mississippi
Rivers in southeastern Missouri, just south of Cairo. Figure 2.2 shows the location of the
540 km2 Floodway, (a) a satellite image obtained during the 2011 Flood, and (b) former
meanders of the Mississippi River mapped by Fisk [37]. As shown, the entire floodplain was
at one time a former channel of the river.
The BPNM project was controversial starting from conception. The initial recommen-
dation of the Mississippi River Commission for flood protection after the 1928 Flood had
been to build higher and stronger levees to protect the entire area. However, the Chief of
Engineers submitted his own plan, which included construction of the Floodway. Valley
residents and Missouri o cials strongly opposed the second plan. However, the need for
a new approach to flood control was recognized, and the 1928 Flood Control Act included
the BPNM Floodway [8]. Due to several lawsuits, full flowage easements and land rights
12
Figure 2.2: (a) NASA satellite image of BPNM Floodway after activation in May 2011.
(b) 1944 map of Floodway indicating locations and ages of relict meanders of Mississippi
River [37].
were not fully obtained until 14 years later in 1942. Meanwhile, the 1937 Ohio River Flood
became the first test of the newly operational Floodway. At that time, the populations of
Cairo and the Floodway were approximately 15,000 and 3,000, respectively. Before the 1937
Floodway activation, several of the Floodway residents threatened to prevent the opening,
necessitating intervention by the National Guard to protect workers. During the 1937 ac-
tivation, it was estimated that at peak time about one fourth of the total flow past Cairo
(approximately 52,000 m3/s) entered the Floodway [38].
Since the 1937 Flood, the addition of reservoirs on tributaries of the Ohio River have
decreased the need to operate the BPNM Floodway [38]. Although several large floods
occurred along the Mississippi and Ohio Rivers in the past century (Figure 2.3), the BPNM
Floodway was not again utilized until May of 2011 during historic Mississippi and Ohio
River flooding. The U.S. Army Corps of Engineers activated three crevasses using a liquid
13
Figure 2.3: Timeline of BPNM Floodway history from 1928 conception to 2011 breach
event. [38]
blasting agent, inundating parts of the agricultural floodplain for over a month [16, 17]. The
first crevasse was activated on May 2, 2011 at 10:00 pm at the northern end of the Floodway
near the confluence of the Mississippi and Ohio Rivers. This crevasse is located about 2
km from the river bank during typical flow conditions. Most of the area between the river
and the levee is used for agriculture, and a riparian corridor ranging in width between 60
and 600 m exists directly upstream of the levee as shown in Figure 2.5a. The maximum
measured inflow rate through the 2.8 km wide breach was 11,400 m3/s on May 3. Prior to
Floodway activation, the southern region of the floodplain was already inundated through
an existing opening called the 1,500 Foot Gap. This break in the levee systems allows for
backwater flooding into the floodplain. By the time IF/OF#2 was activated on May 3 near
the 1,500 Foot Gap, the inflow from the north crevasse had created a hydraulic gradient such
that IF/OF #2 and 1,500 Foot Gap were conveying flow out of the Floodway. The third
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crevasse, IF/OF #1, was activated on May 5 near Big Oak Tree State Park and acted as
an inflow to the Floodway. Due to the use of an alternative blasting agent, the IF/OF #1
crevasse did not operate properly and widened to only 250 m after inflow scouring. Figure
2.4 shows the locations of these inflows and outflows and highlights meander scar ridges
visible in the 2005 Lidar topography (discussed in Chapter 3).
Figure 2.4: 2011 breach locations and regions of interest in BPNM Floodway.
Both the 1937 and 2011 Floodway activations were highly contested by Missouri o cials
and Floodway residents. Besides the inevitable inundation of homes and fields, a main con-
cern was the potential for long-term detrimental impact on agriculture. Figure 2.5c is a
satellite image of a sediment plume emanating from O’Bryan Ridge during the 2011 inun-
dation. The sediment plume indicates potential severe erosion at the ridge, which can be
further assessed using collected data. After most of the floodwaters had drained from the
Floodway, the U.S. Army Corps of Engineers conducted an airborne Lidar (Light Detection
and Ranging) survey to obtain high resolution topography. NASA obtained Airborne Visi-
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ble/Infrared Imaging Spectrometer (AVIRIS) data to establish land cover and other spectral
characteristics of the Floodway. (Refer to the Appendix for details on acquisitions of these
data sets.)
Figure 2.5: (a) 2012 image of north crevasse location. (b) Image of north crevasse taken
May 7, 2011, several days after Floodway activation. (c) IKONOS natural color composite
image of sediment plume emanating from O’Bryan Ridge, located approximately 13 km
south of north breach.
Given a background of vulnerability concepts, floodplain feedbacks, and the BPNM Flood-
way, the next chapter presents the observed impacts due to the 2011 activation.
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CHAPTER 3
LIDAR ANALYSIS
The erosional and depositional impact of the 2011 BPNM Floodway activation was deter-
mined using high resolution pre-flood and post-flood Lidar data sets. Lidar is also called
Airborne Laser Swath Mapping (ALSM). Modern ALSM technology is capable of laser pulse
rates over 150,000 pulses per second (pps) and records multiple returns for each transmitted
pulse. ALSM systems are also equipped with GPS capabilities to obtain topography at po-
tentially sub-meter resolutions. Lidar or ALSM accuracy is typically 5-10 cm in the vertical
direction and 15-20 cm in the horizontal direction [39]. The U.S. Army Corps of Engineers
(USACE) contracted high-resolution Lidar surveys in 2005 for a floodplain mapping initia-
tive, and again during the summer of 2011 after the flood (Appendix). The Lidar arrived
processed into 5 ft (1.524 m) gridded Digital Elevation Models (DEMs) for the 2005 data
and 3 ft (0.9144 m) DEMs for the 2011 data. ArcMap was used to mosaic the datasets,
re-grid the 2011 raster to match the lower-resolution 2005 raster, and convert both data
sets to metric horizontal and vertical units. The NSF National Center for Earth-Surface
Dynamics (NCED) also acquired 2011 post-flood Lidar topography for the northern section
of the Floodway. This dataset was supplied as 1 m DEMs. The USACE DEMs were used
for further analysis since both the 2005 and 2011 collections cover the entire Floodway area.
3.1 Initial Lidar Analysis: GeoNet
GeoNet [40], a channel extraction program, was used to extract the channel network from
sections of the 2005 and 2011 DEMs. The program applies Perona-Malik filtering, a nonlinear
geometric filtering technique, to the DEM in order to enhance channelized features while
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smoothing the rest of the topography. At low gradient regions the filter acts as linear
di↵usion, but halts the di↵usion at high gradient regions which imply potential channels.
This allows for noise reduction in high-resolution Lidar data without the loss of desired
channel features. Likely channelized pixels are detected according to the curvature of the
filtered landscape compared to a threshold value. For high-gradient landscapes, the geometric
curvature is used to detect channelized features, while Laplacian curvature best detects
channels in flat areas. Due to the relative flatness of the BPNM landscape compared to
the landscapes analyzed by Passalacqua [40], the Laplacian curvature was used for this
application. The GeoNet program omits isolated channelized pixels and extracts the channel
network using a geodesic energy minimization technique. Figure 3.1 shows the channel
network extraction from the 2005 and 2011 Lidar DEMs at the location of the significant
gulley scouring at O’Bryan Ridge (see sediment plume image Figure 2.5c). As shown, the
program captures agricultural ditches in the pre-flood DEM and the gulley scours in the post-
flood DEM. Although this region has been largely re-graded for agriculture since the 2011
Flood, the occurrence of these gulley scours likely continues to impact drainage patterns.
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Figure 3.1: GeoNet extracted stream network at one section of O’Bryan Ridge before
(2005) and after (2011) Floodway activation.
3.2 Di↵erential Lidar Correction
The 2005 DEM was subtracted from the 2011 DEM to create a di↵erential Lidar DEM.
Theoretically, positive and negative values should indicate deposition and erosion depths,
respectively. However, non-physical vertical and diagonal striping not detected in the indi-
vidual dataset were immediately apparent in the di↵erential DEM as shown in Figure 3.6a.
In the 2005 topography, flight lines run north to south at approximately 900 meter spacing,
while the 2011 flight lines can be faintly observed in a southwest to northeast direction. The
vertical flight lines seem to cause a striping e↵ect with an approximate wavelength of 1800
m and a vertical amplitude between 0.15 and 0.3 m (Figure 3.2a). In the SW-NE direc-
tion, a large stripe with a horizontal width of about 5,000 m can be observed with a similar
amplitude. Although these elevation di↵erences are too small to be detected in either the
2005 or 2011 DEMs, the dominant frequencies of 0.00056 1/m (1800 meter wavelength) and
0.0001 1/m (10,000 meter wavelength) could be identified in the Fourier transform of the
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di↵erential DEM (Figure 3.2b).
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Figure 3.2: (a) Di↵erential Lidar (2011-2005) of East-West transect of BPNM Floodway,
indicating dominant wavelengths on orders of 1,800 m and 10,000 m. (b) Power spectra of
di↵erential DEM, showing magnitudes of dominant wavelengths to be filtered.
The fast Fourier Transform (FFT) is a signal processing tool used in widely varying ap-
plications such as communications, sonar, imaging, spectroscopy, analysis of stock market
data, and geophysical analysis. The transform decomposes a function or data series into a
sum of sinusoids of di↵erent frequencies, and allows for examination from the perspective of
frequency and time (or length) domains [41, 42]. Figure 3.2a shows an East-West di↵erential
elevation transect within the Floodway and its corresponding power spectra (b). The notch
filter function filters out specified frequencies (or wavelengths) from the data series. For the
FFT computations, a program was developed based on the iFilter [43] program written for
Matlab [44]. The power spectra magnitudes are defined as the square root of the sum of the
squares of the real and imaginary parts of the FFT, which represent the amplitude and phase
of each frequency, respectively. As can be seen in Figure 3.3, filtering of the dominant 1,800
m and 10,000 m wavelengths e↵ectively removes the striping e↵ect from a single transect.
These wavelengths were filtered directly from the di↵erential DEM instead of the individual
2005 and 2011 DEMs due to wave interference of the two datasets. Figure 3.6b shows the
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result of the filtering each East-West transect of the entire Floodway.
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Figure 3.3: (a) Di↵erential Lidar DEM of East-West transect, before (blue) and after (red)
Fourier notch filtering. (b) Power spectra before and after notch filtering.
Since two sets of 2011 post-flood Lidar data were available for the north section of the
Floodway, they were subtracted to elucidate some of the striping e↵ects observed in the
di↵erential DEM. Figure 3.4 shows a large diagonal stripe resulting from the subtraction of
the NCED DEM (north section of Floodway) from the USACE DEM (available for the whole
Floodway). From this, it is shown that the diagonal stripe pattern is caused by the 2011
DEM while the vertical stripe pattern is caused by the 2005 DEM. However, filtering the
individual 2011 and 2005 DEMs for apparent dominant frequencies incurred further errors
in the topographies and was not e↵ective in mitigating the striping.
After performing the filtering, a tendency towards deposition was noticed throughout the
di↵erential Lidar DEM (2011 - 2005 elevations), which can be observed in Figure 3.6b. An
18.7 km2 region outside the Floodway was used to validate and quantify the vertical o↵set
between the 2011 and 2005 datasets. Since the chosen region was not inundated due to the
levee breaches, we assume that the average o↵set between the datasets represents the mean
elevation bias over the Floodway. An 11 centimeter bias towards deposition was determined,
which caused the total calculated deposition volume in the Floodway (32 million m3) to
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Figure 3.4: USACE 2011 DEM (used for impact analysis) subtracted from NCED 2011
DEM (north section of Floodway) showing diagonal stripe.
be much higher than would be expected based on visual observations in the Floodway and
estimates of sediment input. Figure 3.5a shows the normalized distribution of erosional
and depositional impacts over the Floodway at 10 m resolution for the filtered di↵erential
DEM. Accounting for the 11 cm bias e↵ectively shifts the distribution towards the left, to
higher erosion depths. In addition to bias correction, some threshold must be considered in
order to analyze erosional and depositional impact or “damage” over the entire Floodway. A
threshold value of ±14 cm corresponding to the 2011 Lidar vertical accuracy was chosen, and
any erosion or deposition within that range is considered negligible due to potential Lidar
error. As shown in Figure 3.5b and c, below the threshold value, the net erosion volume and
percent of Floodway area significantly impacted are much higher. Above the threshold value,
a very small fraction of the Floodway demonstrates any erosional or depositional impacts.
In addition to the elevation bias between the DEMs, spurious erosion and deposition sig-
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Figure 3.5: (a) Normalized distribution of erosion and deposition on BPNM Floodway,
showing correction for the mean elevation bias of 11 cm, and chosen tolerance range of ±14
cm to account for Lidar error (gray shading). (b) Estimate of sediment volume eroded
(blue) and deposited (green) in the Floodway as a function of the tolerance range. (c)
Percent of Floodway impacted by erosion (blue) and deposition (green) as a function of the
tolerance range. The vertical blue line in (b) and (c) corresponds to the threshold value of
±14 cm.
natures were detected in regions with specific characteristics. Since Lidar does not penetrate
water, standing water results in misleading erosion or deposition signatures in the di↵eren-
tial DEM. Naturally vegetated areas and marginal lands also caused spurious values in the
di↵erential DEM due to decreased Lidar point spacing and accuracy [39] and/or vegetation
growth, cutting, water, or potential changes in land use. Additionally, the Fourier filtering
resulted in errors adjacent to regions with apparent erosion and deposition on the order of
the filtered wavelengths such as the O’Bryan Ridge gulley erosion and the two largest areas
of standing water. Figure 3.6c shows the filtered and bias-corrected di↵erential DEM with
the largest regions of standing water, vegetation, and filtering errors omitted.
The filtered di↵erential DEM indicated high volumes of erosion and deposition at three
principal regions within the Floodway besides the inflow scours at the north crevasse and
IF/OF #1 (Figure 3.7). These ridges correspond to relict channels of the Mississippi River
over the past several thousand years [37]. However, as mentioned previously, the two south-
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Figure 3.6: (a) Pre-filtered di↵erential DEM (2011-2005). (b) Fourier Filtered Di↵erential
DEM. (c) Filtered, 11 cm bias corrected, and standing water, vegetated meander scars,
and filtering induced error locations removed.
ernmost meanders contained standing water and dense vegetation, thus were omitted from
Lidar analysis. A field excursion to the areas in July 2012, one year after the flood, provided
further evidence that no significant erosion or deposition had occurred.
We used USGS breach inflow data and daily sediment concentration measurements on the
Mississippi River at Thebes, Illinois (upstream of the north crevasse) to get an approximation
of sediment input to the Floodway during the event. This calculation does not consider the
e↵ect of the riparian bu↵er between the river and the breach or the Ohio River sediment
concentration, both of which would impact the sediment input to the Floodway. Given these
limitations, the USUS measured sediment concentration on the Mississippi River at Thebes
and ADCP measured inflow rates to the north crevasse give an estimate of net sediment
input of 955,000 m3 over the first 15 days of the breach. As shown in Figure 3.8, most of
the sediment input to the Floodway occurred during the first days after the May 2 crevasse.
As discussed, the sediment input estimate is highly uncertain, but we assume that the net
e↵ect of erosion and deposition over the floodway should be less than the sediment volume
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Figure 3.7: Three meander scars with apparent large-scale deposition or erosion signatures
in Lidar di↵erential DEM.
that entered the breach. Some of the sediment input to the Floodway likely exited through
the outflow crevasse or 1,500 Foot Gap, along with eroded sediment from the Floodway as
depicted by the sediment plume in Figure 2.5c. Sediment calculations were performed with
the assumption that the bulk density of the sediment is 1600 kg/m3.
3.3 Observed Erosion and Deposition Patterns
After the Lidar was filtered and corrected as discussed in the previous section, it is estimated
that erosion covered approximately 12 % of the Floodway area at an average depth of 0.27
m, and deposition covered approximately 8 % of the Floodway area at an average depth of
0.3 m. According to the Lidar, the net volumetric e↵ect is nearly 5 million m3 of erosion
(Figure 3.5b). When the estimated sediment input from the breach of up to 1 million m3 is
considered, this calculation indicates that about 6 million m3 of sediment was transported out
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Figure 3.8: (a) Mississippi River flow (blue) measured by USGS at Thebes, IL, [45]
upstream of BPNM Flooway and north crevasse inflow USGS ADCP measurements (green)
during first month after breach. (b) Sediment concentration measured by USGS at Thebes,
IL (blue), and estimated volumetric sediment input to Floodway through breach (green).
of the Floodway. However, since the pre-flood Lidar was acquired in 2005, this erosion volume
could also account for soil lost or gained in the six years between the Lidar measurements
that are not attributable to the 2011 Floodway activation. Figure 3.9 shows the pre-flood (b)
and post-flood (c) elevations of one small vegetated patch (a) within the Floodway. It can
be observed from the 2005 DEM that the patch had a higher elevation than the surrounding
agricultural area even before the Floodway activation. This could be indicative of the soil
eroded since the inception of agriculture in the region. Agricultural practices such as plowing
have been shown to increase erosion rates. A study on the upper Mississippi River basin
compared physical soil properties between farmland and adjacent native prairie and found
that one agricultural site had lost 38 cm of soil [4]. This historical stripping of topsoil causes
reduced infiltration capacity, which creates a positive feedback in which increased runo↵
leads to more erosion. In contrast, natural floodplain vegetation encourages deposition
during seasonal flooding. The elevation di↵erence between this forested patch at O’Bryan
Ridge and surrounding agricultural area likely represents a combination of progressive soil
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erosion in the agricultural region and deposition and soil production in the vegetated region.
As shown in Figure 3.9, the extreme 2011 flooding caused gulley erosion to the north, east,
and west of the vegetation, while the patch itself remained unscathed.
Figure 3.9: (a) Photo of 80 x 80 m vegetated patch near O’Bryan Ridge, taken during field
excursion in July 2012. (b) Pre-flood Lidar DEM of vegetated patch, showing about 1 m
elevation di↵erence between woody vegetation and agricultural area. (c) Post-flood Lidar
DEM of vegetated patch showing gulley scours.
Figure 3.10 shows the major regions of significant erosion and deposition within the Flood-
way. The north crevasse resulted in several scour holes about 2 m deep and 60 m long. Up
to 0.5 m deep deposits spread to 400 m downstream of the scour holes (Figure 3.10a). The
third breach, IF/OF #1, widened to only 250 m after inflow scouring. Incoming floodwaters
scoured a 250 m long area directly north of the breach, with 0.5 to 1.5 m of deposition
over a 50,000 m2 area northwest of the scour (Figure 3.10d). The most prominent erosional
impact of the 2011 Floodway activation occurred at O’Bryan Ridge, approximately 13 km
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downstream of the north crevasse at the upstream side of a relict meander scar oriented
perpendicular to the floodway (Figure 3.10b,c). Gullies up to 1 km long and 3 m deep were
carved out orthogonal to the ridge, parallel to the direction of flow.
0 0.50.25
Km
Differential DEM
2 m deposition 2 m erosion
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c d
Figure 3.10: Di↵erential Lidar DEM at (a) north crevasse site, (b,c) O’Bryan Ridge
region, and (d) IF/OF #1 near Big Oak Tree State Park.
The geomorphic impacts of the 2011 BPNM Floodway activation established in this section
can be used to validate predictions of vulnerability in the region. The next chapter presents
a retrospective analysis of vulnerability over the Floodway.
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CHAPTER 4
VULNERABILITY ANALYSIS
4.1 Floodplain Vulnerability Framework
As discussed in Chapter 2, di↵erent paradigms for vulnerability, sensitivity, and resilience
have been developed for assessments relating to climate change, natural hazards, geomor-
phology, and ecology fields. For a floodplain landscape-specific context, it is useful to map
processes and potential feedbacks in the floodplain system. Figure 4.1 illustrates connected
variables upstream of and within a human-impacted floodplain. Green arrows indicate pos-
itive relationships in which an increase in one component leads to an increase in the other.
Similarly, red arrows indicate negative relationships, and black arrows indicate general link-
ages. For example, human land use determines land cover type and upstream channel char-
acteristics. These properties combine with precipitation and snow melt inputs to dictate
characteristics of a flood event such as magnitude, duration, and timing. In a leveed flood-
plain, an extreme flood can lead to a levee breach which incites landscape processes on the
floodplain. Characteristics such as gradient, elevation, width, soil erodibility, and land cover
within the floodplain combine with input drivers to determine spatially variable flow veloci-
ties and shear stresses. If landscape properties are such that the shear stress is likely to be
above a critical value, the probability of erosion increases. If flow velocities are su ciently
low, the probability of deposition increases. In a human-dominated landscape valued for
agricultural or residential purposes, high probability of landscape change is indicative of a
highly vulnerable region.
In this vulnerability analysis, we define the system variable of interest as the land elevation
⌘(x, y, t) at a given point (x, y) at time t, which also indicates soil depth. A transition
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Figure 4.1: Processes and linkages in a human-dominated floodplain and their
contributions to vulnerability.
function for the rate of change of the variable is defined as follows:
f(⌘) =
d⌘(x, y, t)
dt
= f(⌘, I¯ , ✓¯) (4.1)
in which ✓¯ is a vector of land surface characteristics such as vegetation, erodibility, and gra-
dient, and I¯ is a vector of input drivers such as flow depth and velocity. Input drivers of I¯
can also be functions of land surface characteristics defined in ✓¯. When a time scale is con-
sidered, components of ✓¯ can also be functions of prior inputs of I¯. These interdependencies
between landscape characteristics and input drivers are somewhat illustrated in Equations
2.2 and 2.5. The total change   over an area of interest A and time period T is defined as
follows:
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  =
Z
A
Z
T
@⌘
@t
dAdt. (4.2)
We anticipate that  is a function of components or derived measures of ✓¯ and I¯, which can be
categorized into the previously established facets of vulnerability: sensitivity, exposure, and
adaptive capacity. Flood exposure metrics such as duration, depth, and velocity can result in
high shear stresses (⌧) which have the potential to cause erosion, or low flows which encourage
deposition. Landscape sensitivity captures the likelihood of persistent change as a result
of resisting and disturbing forces. These resisting forces include landscape characteristics
defined in ✓¯. Adaptive capacity measures the ability to accommodate changes, and involves
a threshold for erosional or depositional damaging impact to the landscape [29].
Equations 4.3 and 4.4 show several parameters hypothesized to determine the vulnerability
of the floodplain system.
I¯ =

U,H,
⌧⇤
⌧⇤c
, decisions
 
(4.3)
✓¯ =

⌘, n, S, d,
K
T
,LU,LC
 
(4.4)
in which U is flow velocity, H is depth, ⌧⇤⌧⇤c is the Shields stress ratio for incipient sediment
motion, n is the Manning’s n roughness coe cient, S is slope, d is floodplain width, K is
the soil erodibility index, T is tolerable soil erosion, LU is land use, LC is land cover, and
“decisions” represent policy actions. As previously discussed, it is impossible to separate the
several of the components of vectors ✓¯ and I¯ due to inherent interdependencies. For example,
functions of flood inputs U , H, and ⌧⇤⌧⇤c are also functions of landscape characteristics such
as S, d, n, and ⌘. The next section will further define our chosen indicators for landscape
vulnerability.
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Data or Parameter Source Derived Quantity
2005 elevation ⌘ (m)
USACE Lidar
observed landscape change d⌘,
simulated U ,H, and calculated
⌧⇤
⌧⇤c
2011 elevation ⌘ (m)
slope S (m/m)
width d (m)
soil erodibility factor K
NRCS [46] K/T Factor
soil T Factor (tons/acre/year)
woody vegetation NASA AVIRIS
Manning’s n and simulated
U ,H, calculated ⌧⇤⌧⇤c
ADCP flow rates Q (m3/s)
USGS
used for model validation
purposesflow depths (H)
Table 4.1: Available parameters for vulnerability study and derived quantities
4.2 Characterization of Vulnerability Drivers
For analysis of vulnerability to erosion and deposition in the BPNM Floodway, several
datasets were obtained from various sources. Table 4.1 lists these parameters, their sources,
and lists derived quantities from the parameters.
4.2.1 Landscape Characteristics
As discussed in Chapter 3, topographical aspects of the Floodway were obtained from the
2005 and 2011 Lidar datasets. For the vulnerability analysis, the 2005 DEM is considered
for base elevations and gradients. Figure 4.2a and b show elevations of a transect of the
2005 DEM. As shown, meander scar ridges such as O’Bryan Ridge and Ten Mile Pond Con-
servation Area are the highest gradient regions within the Floodway. Other sharp gradients
occur at the north and south frontline levees in addition to roads and ditches.
Vegetated patches in the Floodway were obtained from an 8-meter resolution Airborne
Visible-Infrared Imaging Spectrometer (AVIRIS) [47] data (see Appendix), and validated
visually from Google Earth and the 2011 Lidar first return data set. It was found that about
16 % of the Floodway consists of woody vegetation, most of which is located in the southern
low-lying region (Figure 4.2c).
The soil K Factor is a measure of soil erodibility used in the Revised Universal Soil Loss
Equation (RUSLE) [48, 49]. The soil T Factor (tons/acre/year) is a measure of sustainable or
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Figure 4.2: (a) 2005 DEM showing elevation transect.(b) N-S elevation transect of
Floodway. (c) AVIRIS vegetation classification. (d) USGS HOBO depth sensor locations.
(e) K/T Factor map
tolerable soil erosion for agricultural productivity [50]. As discussed in the literature review
of vulnerability concepts in Chapter 2, adaptive capacity can be assessed as the potential to
decrease vulnerability by improving the current state of the system over a threshold state of
damage [29]. In terms of soil erosion, adaptive capacity can be represented by a K/T (K
divided by T ) Factor. The K Factor represents the current likelihood of soil erosion, while
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the T Factor represents the threshold of erosion, above which the land is considered degraded.
Therefore, a high K/T Factors indicates low adaptive capacity (high vulnerability) due to
high erodibility and/or low erosion tolerance. The K and T Factors were obtained from
the Natural Resources Conservation Service (NRCS) Soil Data Mart [46] and viewed using
the SSURGO database [51] Soil Data Viewer in ArcMap. Figure 4.2e shows the computed
K/T Factors throughout the Floodway. This K/T Factor is based on soil type, and does
not consider the e↵ect of land cover or land use. Altering the land cover in a region is
one method to impact vulnerability; for example, introducing perennial vegetation cover
in a region as opposed to corn or soybeans would decrease the e↵ective K Factor during
the winter, or decrease the likelihood of an annual soil erosion volume greater than the
sustainable amount.
The USGS placed depth sensors at various locations within the Floodway prior to the
activation, and took daily or twice-daily moving-boat Acoustic Doppler Current Profiler
(ADCP) measurements at inflows and outflows. Due to high turbulence of the initial flood
surge and timing of the north crevasse at 10:00 pm, the first ADCP measurement was not
made until May 3. Figure 4.2d is a map of the locations of the depth sensors. The five
sensors with large labels are those used for model validation of flow exposure.
The next section describes the simulation of flood exposure using a two-dimensional model.
4.3 Flood Exposure: HydroSed2D
The HydroSed2D flow model [19] was used to obtain flow characteristics over the BPNM
Floodway. HydroSed2D couples the shallow water equations and sediment transport on
unstructured mesh. However, for this large-scale study the sediment transport capacity was
not implemented. A triangular mesh was developed with approximately 200 m grid cell edge
lengths. The simulation began May 2 at 10:00 pm, the time of the north levee breach.
Several pertinent components of landscape characteristics and input drivers were utilized
as model inputs to increase the accuracy of and validate the simulation. Crevasse inflow and
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outflow widths were based on widths measured using the 2011 Lidar DEM, and depths were
based on the Mississippi River stage upstream and downstream of the Floodway. Topography
was interpolated from the 2005 Lidar DEM. A backwater flooding initial condition was also
established in the Floodway since the southern half was already flooded through the 1,500
Foot Gap. The extent and depths of this backwater flooding was estimated based on the river
level near the time of the first breach, and validated using satellite images. Figure 4.3a shows
the backwater flooding condition, and the progress of the north breach inflow two hours after
the north levee breach. Figure 4.3b shows water depths throughout the Floodway 2 days
after the north crevasse.
Figure 4.3: (a) Simulated water depths 2 hours after north crevasse, showing inflow from
crevasse and backwater flooding condition through the 1,500 Foot Gap. (b) Simulated
water depths 2 days after north crevasse.
Manning’s n roughness coe cients were determined based on the AVIRIS vegetation data.
For non-vegetated areas, an n value of 0.035 was used [52]. Most of this area lacking woody
vegetation consisted of either barren fields on which corn and soybeans had not yet been
planted or winter wheat planted the previous fall [18]. For vegetated regions, low (Case 1:
n = 0.035), medium (Case 2: n = 0.07), and high (Case 3: n = 0.2) values were tested.
For the first case, Manning’s n is set equal to 0.035 over the entire Floodway. For the second
and third cases, Manning’s n is interpolated to each grid cell. For the simulations, the AVIRIS
vegetation data was averaged to 100-meter resolution. Since the AVIRIS classifications are
higher resolution than the 200-meter irregular model grid, n values were averaged during the
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interpolation so that smaller patches of vegetation result in an n value of a grid cell between
the defined values for barren fields and vegetation. For example, in Case 3, a partially
vegetated grid cell may have a Manning’s n value of 0.12. Figure 4.4 shows simulated
maximum velocity magnitudes over the 3-day simulation period for Case 1 (a,b), Case 2 (c,d),
and Case 3 (e,f) for two regions of the Floodway. As expected, the use of higher roughness
values for vegetated regions results in lower flow exposure within the areas and downstream.
In the figure, flow is generally directed from north-northeast to south-southwest.
The left panels of Figure 4.5 compare the simulated depths at the grid cells nearest to the
USGS depth sensors (Figure 4.2c) with their recorded depths for the three roughness cases.
The panels on the right show the measured versus simulated inflow rates at the north levee
breach. As shown in Figure 4.5, Case 3 for which Manning’s n is equal is 0.2 for woody
vegetation provides the closest agreement with measured flow rates at the inflow crevasse
and depths within the Floodway. When Manning’s n is lower for vegetated areas, simulated
flow rates are higher than measured, and flow depths are lower than measured. Near the
inflow breach, vegetation throughout the Floodway e↵ectively decreases the inflow rate.
A preliminary nesting procedure was developed to observe the e↵ect of Manning’s n on
a higher-resolution grid. A small section of O’Bryan Ridge was chosen which contains an
approximately 80m x 80m patch of dense vegetation in addition to some smaller vegetation
patches (likely to be individual trees). This area is the region previously discussed in Chapter
3 (Figure 3.9) as an area exhibiting gulley erosion adjacent to a vegetated patch. In the
simulation over the entire Floodway, small vegetated regions such as this one were not
represented due to low grid resolution. HydroSed2D was modified to read the hourly output
files for the whole-Floodway simulation and use flow depths and velocities as inputs to a
higher-resolution grid over a smaller region. The high resolution model grid is an irregular
triangular mesh with average edge lengths of 10 m, as opposed to 200 m edge lengths in the
full simulation. Only a 4 minute simulation beginning at 48 hours after the north breach
was performed at this very high resolution due to computational cost. Additionally, inflow
and outflow cells were defined as the north and south edges of the small grid while the east
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Figure 4.4: (left) Simulated maximum flow velocity magnitude at O’Bryan Ridge overlaid
by AVIRIS classified woody vegetation for Case 1 (a), Case 2 (c), and Case 3 (e). (right)
Simulated maximum flow velocity magnitude at Ten Mile Pond overlaid by AVIRIS
classified woody vegetation for Case 1(b), Case 2 (d), and Case 3 (f).
and west edges were modeled as boundaries, which caused the flows and depths within the
smaller grid to be less than originally simulated. However, Figure 4.6 displays the e↵ect of
these small patches of vegetation on simulated flow velocities. As will be discussed in the
next section, this test indicates the potential for relatively small patches of vegetation to
impact vulnerability.
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Figure 4.5: (right) USGS HOBO depth sensor measured water levels (see Figure 4.2c for
sensor locations) versus simulated flow depths for Case 1 (a), Case 2 (c), and Case 3 (e).
(left) USGS ADCP measured inflow vs. simulated inflow based on river stage for Case 1
(b), Case 2 (d), and Case 3 (f).
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Figure 4.6: (a) Average velocity magnitudes over entire simulation time for full simulation
at O’Bryan Ridge overlaid by AVIRIS classified vegetation. (b) Velocity magnitude at 48
hours after breach for high resolution nested model.
The regions surrounding O’Bryan Ridge and Ten Mile Pond were chosen for comparison,
since the regions responded very di↵erently to the Floodway activation. Figure 4.7 shows 3D
images of the flow velocities over the topographies of these ridges. As shown in Figure 4.7a,
the flow velocities are much higher north of O’Bryan Ridge.
Figure 4.7: Maximum flow velocity magnitude at O’Bryan Ridge (a) and Ten Mile Pond
(b). The Lidar topography was exaggerated 50x in the vertical direction to accentuate the
ridges.
From the modeled velocities and flow depths, shear stress (⌧b) and Shields stress (⌧ ⇤b ) were
determined as follows [53]:
⌧b = ⇢u
2
⇤ (4.5)
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⌧ ⇤b =
⌧b
⇢gRD
. (4.6)
The shear velocity u⇤ is computed based on the Manning-Strickler equation for rough flow.
Flow velocities (U) and depths (H) are based on model results.
U¯
u⇤
=
1

ln(11
H
ks
) = 8.1(
H
ks
)1/6 (4.7)
in which  is the von Karmann constant (0.4) and ks is the roughness (m). Sediment motion
can occur when the Shields’s stress exceeds a critical value (⌧ ⇤c ).
⌧ ⇤b > ⌧
⇤
c . (4.8)
The Brownlie fit to the Shield’s diagram is used to determine a critical shear stress for the
Floodway [53]:
⌧ ⇤c = 0.135R
 0.261
ep (4.9)
which is valid for fine-grained sediments for which Rep < 3.16. Rep is the particle Reynold’s
number, defined as:
Rep =
p
gRDD
⌫
(4.10)
in which D is the sediment diameter (m), R is the submerged specific gravity, g is gravi-
tational acceleration, and ⌫ is fluid kinematic viscosity. The following values were used for
these calculations:
D = 0.05 mm (mean sediment size, silt to fine sand)
ks = 2.5D
R = 1.65
g = 9.81 m/s2
⌫ = 10 6 m2/s
In the next section, the chosen vulnerability indicators of K/T Factor, woody vegetation,
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and simulated flow exposure characteristics are compared to the observed erosion and depo-
sition according to the Lidar data. Additionally, the erosional and depositional impacts of
the BPNM Floodway activation are compared to other spillway activations and levee breach
events.
41
CHAPTER 5
RESULTS
The vulnerability indicators developed in Chapter 4 are now compared with the observed
erosional and depositional impacts of the 2011 BPNM Floodway activation. Erosion and
deposition are considered separately since various factors may lead to vulnerability to each.
5.1 Vulnerability to Erosion: Indicators
In terms of vulnerability to erosion, each of the input parameters (U , H, ⌧⇤⌧⇤c , and decisions)
and landscape characteristic parameters (⌘, n, S, d, KT , LU, and LC) can be expected to
have some impact on the state variable ⌘. Figure 5.1a compares the chosen regions for
comparison,Ten Mile Pond Conservation Area and O’Bryan Ridge, in terms of K/T erosion
factor. Ten Mile Pond has a higher mean K/T Factor, but as shown in Figure 4.2e, the two
meander scar ridges exhibit similar trends of a higher K/T Factor north of the ridges than
within the former channel. As shown in Figure 5.1b, O’Bryan Ridge has a higher mean flow
velocity, which translates to a higher Shield’s stress ratio for sediment motion.
Figure 5.2 is a vulnerability map of the entire Floodway with focused maps of the regions
surrounding O’Bryan Ridge and Ten Mile Pond. As discussed in previous chapters, Ten
Mile Pond exhibited spurious erosion and deposition signatures in the di↵erential Lidar
DEM due to standing water or vegetation. As ascertained in a field excursion in July 2012
(see Figure C.4b,c), it is most likely that no significant erosion or deposition occurred in
this region. Due to this, only O’Bryan Ridge is analyzed in terms of spatially heterogenous
vulnerability and observed erosion. Figure 5.2b overlays the O’Bryan Ridge vulnerability
map with erosion patterns above the threshold depth of 14 cm. As shown, the eroded
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Figure 5.1: (a) K/T Factor distribution for O’Bryan Ridge and Ten Mile Pond Region.
(b) Velocity magnitude distributions over O’Bryan Ridge and Ten Mile Pond regions.
gulleys correspond to the regions of highest flow velocities (red), above mean K/T Factor
(transparent gray), and the absence of woody vegetation (green). In contrast, the regions
of above mean K/T Factor near Ten Mile Pond are apparently protected due to woody
vegetation, or low exposure due to other factors incorporated in the simulation such as
gradient S and floodplain width d.
For 10 m resolution grid cells, observed O’Bryan Ridge erosion obtained from the Lidar
data was compared to vulnerability indicators. As mentioned in the Lidar Analysis section,
only erosion depths greater than 14 cm were considered. The left panels of Figure 5.3 are
normalized erosion distributions for 10 m resolution cells of the region surrounding O’Bryan
Ridge (red). The blue and green lines separate the distributions into high and low vulner-
ability indicator values, respectively. “High K/T” is defined as above mean K/T Factor
for the area. As shown by the red line, the likelihood of observed occurrence (%) decreases
for increasing erosion depths. However, this rate of decrease is higher for low K/T Factor
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Figure 5.2: (a) Vulnerability map of entire BPNM Floodway. Highly vulnerable locations
indicated by high flow velocities (red), high K/T erosion factor (transparent gray) and lack
of woody vegetation. (b) Close-up view of O’Bryan Ridge region. (c) Close-up view of Ten
Mile Pond region.
grid cells. The right panel of Figure 5.3 illustrates this by displaying the % contribution
of low and high K/T Factor grid cells to each observed erosion depth. At higher erosion
depth, there is an increasing probability that the erosion corresponds to a region of high soil
K/T . This relationship is even more pronounced for flood exposure represented here by ⌧⇤⌧⇤c .
Figure 5.3d shows that for any erosion depth, it is more likely that the ⌧⇤⌧⇤c ratio for the area
is above 1 (indicating likely sediment motion), but this probability increases for increased
erosion depths. Figure 5.3e and f combine the K/T Factor and ⌧⇤⌧⇤c analyses. The blue line
indicates high vulnerability due to both high K/T Factor and high ⌧⇤⌧⇤c , while the green line
indicates all other situations (high ⌧⇤⌧⇤c but low K/T , high K/T but low
⌧⇤
⌧⇤c , or both low
⌧⇤
⌧⇤c
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and K/T ). In the other situations, soils are likely to be protected by low exposure, low soil
erodibility, or both.
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Figure 5.3: (a) normalized distribution of erosion depths near O’Bryan Ridge (red), and
broken down into above mean K/T Factor (blue) and below mean K/T Factor (green).
(b) Percent contributions to erosion depths from high K/T grid cells (blue) and low K/T
grid cells (green). (c) normalized distribution of erosion depths divided into sediment
motion ratio above 1 (blue) and below 1 (green).(d) Percent contributions to erosion
depths from high shear (blue) and low shear stress grid cells (green). (e) normalized
distribution of erosion depths for high vulnerability (above mean K/T and shear stress
ratio above 1) and low vulnerability (green). (f) Percent contributions to erosion depths
from high (blue) and low vulnerability grid cells (green).
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5.2 Vulnerability to Deposition: Connectivity
To gain a perspective on drivers of floodplain sensitivity to deposition, characteristics of
the BPNM Floodway activation are compared with landscape impacts resulting from two
other large-scale floodplain inundations. The 2011 Bonnet Carre´ (BC) Spillway activation
resulted in major sand deposition [10], while the 1993 Mississippi River Flood caused over
1,000 levee breaches [7] and exposed landscape sensitivities upstream of the BPNM Floodway
[5, 6]. The 1993 Miller City levee-break complex was located several kilometers upstream of
the BPNM Floodway. The inflow breach was directly adjacent to the Mississippi River, and
the floodwaters followed relict channels to a lake, which overflowed and returned water to a
downstream location. The breach complex resulted in a 2,200 m long and up to 19.1 m deep
scour hole. The high river-to-floodplain connectivity created by this scouring in addition to
the scoured material allowed for extensive sand deposits over 4 m thick. During the 2011
Mississippi and Ohio River Floods, the BC Spillway in Louisiana was activated to protect
New Orleans and surrounding areas. Nearly 5 million m3 of sand deposition was measured
over the spillway area of less than 25 km2 even though only the top 5 m of river flow entered
the spillway. This high deposition rate is attributed to high suspended sand concentrations
due to the optimal location of the spillway downstream of a bedrock bend in the river. In
the cases of the 1993 Miller City levee breach complex and the 2011 BC Spillway activation,
high river-to-floodplain connectivity and optimal conditions for sediment transport, respec-
tively, allowed for large deposition volumes over the floodplains. Contrastingly, the BPNM
Floodway north levee crevasse is separated from the river by a 2 km length of unleveed
floodplain that consists of agricultural fields and riparian vegetation (Figure 2.5). Due to
the controlled breach and riparian corridor, high connectivity that would have caused more
extensive deposition was never established between the river and the floodplain.
Table 5.1 compares characteristics between the three flood events.
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This retrospective analysis identified hotspots of vulnerability within the BPNM Floodway.
As predicted from simulations and analysis of vegetation and soil erodibility, O’Bryan Ridge
was particularly vulnerable to erosion. As of July 2012, this region was being regraded by
farmers (Figure C.2c,d), potentially at high cost. If this region is returned to its former
use, our vulnerability analysis indicates that it is likely to remain vulnerable to erosion in
future Floodway activations. In terms of deposition, the Floodway as a whole was less
vulnerable due to a lack of connectivity and moderate sediment inputs. Localized deposits
were observed in ditches, wheat fields, downstream of gulley scours, and downstream of
crevasse scours. The presence of the riparian corridor upstream of the north levee is likely
to similarly decrease vulnerability to major deposition for future Floodway activations.
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CHAPTER 6
CONCLUSIONS
As humans have encroached onto floodplains for agricultural purposes, floodplain landscapes
become disconnected from their creators. Flood control measures and agricultural practices
can result in increased rates of soil erosion, floodplain habitat fragmentation, and the loss
of the variability that shapes the landscape and resets vegetation succession. However,
topographic legacies remain significant in the former floodplain. For example, meander
scar ridges, natural levees, and crevasse splays are common features. These legacies dictate
landscape characteristics such as gradient, floodplain width, and local elevations, all of which
impact erosion and deposition during flood events. Land use and land cover characteristics
also impact the erosional and depositional response to flooding. Fallow fields expose erodible
soils, while denser vegetation can protect soils by mitigating exposure or providing root
stabilization. Input drivers of a flood event such as flow velocity, depth, and shear stress
impact these landscape characteristics. Although these potential indicators are intuitive, it
is di cult to ascertain their individual or combined contributions to landscape change.
The beginning chapters of this thesis compared human-dominated and natural floodplain
systems. A conceptualization of floodplain feedbacks and landscape vulnerability due to
flood damage was presented. Next, an intentional levee breach was analyzed as a large-scale
experiment to assess the vulnerability of an agricultural floodplain to erosion and deposition.
Landscape impacts observed from a high resolution di↵erential Lidar dataset were compared
to previously mentioned hypothesized indicators of vulnerability. Flow exposure simulations
incorporated vegetation with a roughness coe cient, and topographical attributes from the
2005 Lidar DEM. Vulnerability maps were created to visually display these indicators, and
two relict meander scar ridges were compared in terms of relative vulnerability and observed
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impact. At the region of significant observed erosion, O’Bryan Ridge, erosion depth was
positively correlated with the likelihood that the area had high soil erodibility, high simulated
flow speeds, and high shear stresses. The other meander scar ridge near Ten Mile Pond did
not exhibit significant erosion or deposition, in agreement with lower simulated flow exposure
and vegetated regions which protected otherwise vulnerable soils. Sediment input into the
Floodway and depositional impacts were found to be less than other flood case studies.
This was determined to result from low river sediment concentration and a lack of river-to-
floodplain connectivity resulting from a riparian corridor and controlled breach conditions.
A large-scale experiment such as this allows for validation of landscape vulnerability based
on observed change in a state variable due to landscape processes rather than based on
assumed indices. In a human-dominated floodplain such as the BPNM Floodway, extreme
floods are known as “natural disasters”, and deposition and erosion due to flooding negatively
impact agriculture. This analysis illustrated the spatially and temporally heterogeneous
natures of vulnerability and flood impacts. This notion of vulnerability, or potential harm
to a system, necessitates an analysis of vulnerability such as the one presented in this thesis
in order to make decisions concerning land use, flood control, and floodplain management
that allow for a sustainable human-natural system.
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APPENDIX A
LIDAR ACQUISITION
LMSI Inc. acquired Lidar data for the U.S. Army Corps of Engineers during late June early
July 2011. The data were collected using an Optech ALTM-3100EA. The flight elevation
was approximately 1,100 meters above ground level at a speed of approximately 140 knots
(260 km/hr). At a scan rate of 40 Hz, the average point spacing was 0.67 meters. The scan
angle was 21 degrees, which resulted in a swath width of 757 meters with a 50 percent swath
overlap. The Lidar dataset was tested to 0.14 m vertical accuracy at 95% confidence level
when compared to 8,700 kinematic GPS points. The firm Dewberry was the prime contractor
for the project, and processed the Lidar data using GeoCue and TerraScan software. Point
cloud data was processed into a bare earth surface raster with a grid size of 3 feet (0.9144
m).The 2005 Lidar data was also collected for the U.S. Army Corps of Engineers. It was
processed into bare earth surface rasters with a grid size of 5 feet (1.524 m). Acquisition
parameters were not archived for this flight, and are not available.
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APPENDIX B
AVIRIS ACQUISITION
The AVIRIS data was acquired by NASAs ER 2 aircraft. The AVIRIS instrument records
upwelling spectral radiances in 224 narrow contiguous spectral channels of 10 nm channel
width with wavelengths from 380 to 2500 nm. AVIRIS generally uses whisk broom scanning
with 12 Hz scanning rate, the swath width and pixel resolution depending on the height of
the aircraft. The instrument has 34 degrees total field of view and 1 milliradian instantaneous
field of view. There were six scenes covering the entire floodplain. The average flight altitude
was 9093.5 m giving a spatial pixel resolution of 7.6 m. The data product from NASA had
each of the AVIRIS scenes orthorectified. We applied atmospheric corrections to each of
the scenes to convert the sensor radiance values to reflectance values. We used ATCOR 4
software for this purpose. ATCOR uses MODTRAN 5 as the radiative transfer code for
the corrections. We followed the key steps of sensor definition, calibration, and flight and
solar geometry calculations which take into account the flight and ground elevations, flight
heading and the solar zenith and azimuth angles. The MODTRAN code is resampled for
this sensor and the correction is applied over all the scenes. For woody vegetation detection,
we employed the Spectral Angle Mapper classifier, an algorithm which matches the reference
spectra (library) and the spectra from the image and classifies to a particular class if the
spectral angle is less than a specified threshold. We used the spectral library from USGS,
and Leaf Optical Properties Experiment (LOPEX) database in addition to samples from the
image.
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APPENDIX C
BPNM FIELD EXCURSION
Field excursions to the BPNM Floodway were made in July 2011 and July 2012. In July
2011, most of the water had drained from the Floodway so that landscape impacts could be
observed. Standing water remained in the gulley scours at O’Bryan Ridge and the crater
lakes formed by the levee blasts. The July 2012 field excursion was made to observe the
state of the Floodway a year after the activation and validate impacted and unimpacted
regions according to the di↵erential Lidar DEM. In July of 2012, the frontline levee had
been reconstructed at Bird’s Point and farmers were in the process of regrading O’Bryan
Ridge.
Figures C.1 and C.3 are photos taken at O’Bryan Ridge and the first crevasse site in
2011, respectively. Figures C.2 and C.4 show photos taken at O’Bryan Ridge, the first
crevasse site, and Ten Mile Pond in 2012.
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Figure C.1: Photos from field excursion in July 2011. Images show gulley scouring at east
(a,b) end of O’Bryan Ridge corresponding to Figure 3.10c and west (c,d) end of O’Bryan
Ridge corresponding to Figure 3.10b.
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Figure C.2: Photos from field excursion in July 2012 at O’Bryan Ridge. (a,b) Remnant
evidence of gulley scouring shown in Figure C.1. (c,d) As shown, most gulley scouring
was being regraded for agricultural use.
Figure C.3: (a,b) Photos from July 2011 field excursion showing crater lakes and crevasse
at north levee, corresponding to Figure 3.10a.
55
Figure C.4: Photos from field excursion in July 2012 at (a) the reconstructed north
crevasse site and (b,c) the non-impacted Ten Mile Pond Conservation Area.
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